Dihydrogen, a by-product of biological nitrogen fixation, is a competitive inhibitor of N2 reduction by nitrogenase. To evaluate the significance of H2 inhibition in vivo, we have measured the apparent inhibition constant for H2 inhibition of N2 reduction in Bradyrhizobiumjaponicum bacteroids isolated from soybean nodules. The rate of N2 reduction was measured as ammonia production by bacteroids incubated in a buffer containing 200 micromolar leghemoglobin and 10 millimolar succinate under 0.02 atmosphere O2 and various concentrations of N2 and H2. The apparent inhibition constant for H2 under these conditions was determined to be approximately 0.03 atmosphere. This relatively low value strengthens the proposal that H2 inhibition of N2 reduction may be a significant factor in lowering the efficiency of nitrogen fixation in legume nodules.
Dihydrogen is a by-product of biological nitrogen fixation and inhibits the reduction of N2 by nitrogenase (15) . The production of H2 from protons and electrons appears to be intrinsic to the mechanism of N2 fixation (15, 26) , and a minimum of 25% of the electron flux through purified nitrogenase is allocated to H2 production (25) . A survey of legume nodules found that approximately 40 to 60% of the electrons allocated to nitrogenase were utilized in the production of H2 (23) . However, nodules evolving little or no H2 have been identified, and bacteroids isolated from these nodules have been shown to contain a H2-oxidizing hydrogenase (10) . Field and greenhouse studies comparing soybean plants inoculated with HUP+2 versus HUP-strains of Bradyrhizobium japonicum (formerly Rhizobium japonicum) have suggested a beneficial effect of hydrogenase on plant productivity (1, 13, 14) .
Release of H2 inhibition of N2 reduction by nitrogenase has been proposed as one mechanism by which hydrogenase may increase the efficiency of N2 fixation in legume nodules (9) . This proposal is derived from the observation that H2 is a competitive inhibitor of N2 reduction by nitrogenase (15, 29) . Thus, hydrogenase activity in bacteroids may reduce the H2 concentration within the nodule, where H2 may accumulate to levels which inhibit N2 fixation.
It was initially proposed that, because of its high diffusion 'Supported by U.S. Department of Agriculture grant 84-CRCR-1-1466 and by a National Science Foundation Predoctoral Fellowship to M. E. R.
2Abbreviations: HUP+, H2-uptake positive; HUP-, H2-uptake negative; Ki inhibition constant. coefficient, H2 would diffuse through the nodule rapidly enough to prevent accumulation of inhibitory levels within the nodule (9) . However, later evidence demonstrated that the cortex of some legume nodules contains a layer of cells with few or no intercellular spaces, and that this layer provides a diffusion barrier to gas exchange (11, 27) . Based on H2 evolution rates from nodules and the assumption that H2 must diffuse through an aqueous layer, Dixon et al. (11) estimated that the H2 concentration in the center of legume nodules could reach as high as 200 uM (0.3 atm). More recent calculations using computer models of nodule structure and physiology have predicted a H2 concentration of up to 114 jM (about 0.2 atm) in the center of soybean nodules (18) .
From these estimates and published values of the Kj(H2) for purified nitrogenase from free-living bacteria (0.1-0.5 atm, see Table I ), it was concluded that H2 concentrations in infected cells could indeed build up to levels which inhibit N2 fixation (1 1, 18) .
Despite these theoretical calculations, however, direct evidence that hydrogenase may increase nitrogen fixation efficiency by relieving H2 inhibition of N2 reduction in nodules has not yet been presented. Thus, neither the K, for H2 inhibition of N2 reduction by isolated rhizobial nitrogenase nor the actual concentration of H2 in nodules has been measured. In this paper we report the Ki for H2 inhibition of N2 reduction by nitrogenase in isolated soybean nodule bacteroids and provide estimates of the H2 concentration in soybean nodules.
MATERIALS AND METHODS

Growth of Bacteria and Plants
Bradyrhizobium japonicum strains SR (a HUP+ strain) and PJ-18 (a HUP-derivative of SR) have been described by Lepo et al. (21) and were gifts from Dr. Harold Evans (Oregon State University, Corvallis). Bacteria were grown on 1.5% agar plates containing Bergersen's modified medium (7) , with the addition of 0.5 g sucrose and 0.5 g yeast extract per liter. Soybean seeds (Glycine max var McCall) were surface-inoculated with a suspension of either HUP+ or HUP-bacteria and were planted in sterile perlite. Plants were grown five per pot either outside or in a greenhouse and were treated three times weekly with nitrogen-free nutrient solution ( 12) . (6) . Dithionite was removed by dialysis against buffer (10 mM succinate, 10 mm phosphate, pH 7.5), which had been purged with N2 for 30 min. Leghemoglobin concentration was determined as described by Bergersen and Turner (6) . Aliquots of leghemoglobin assay buffer were stored frozen (-20°C) under N2 until use.
Stoppered vials (37 mL) with leghemoglobin assay buffer (3 mL) were made anaerobic with argon. 02 (0.02 atm) and various amounts of N2 and H2 were added to the vials as an overpressure. N2 reduction rates at 0.02 atm O2 concentration were near maximal and were constant for a period of at least 20 min. The compositions of gas mixtures were confirmed using a Shimadzu model GC-8A gas chromatograph fitted with a molecular sieve 5A column and a thermal conductivity detector, interfaced to a Shimadzu C-R3A integrator. Argon was used as the carrier gas, and the gas chromatograph was calibrated with standards of 02, N2, and H2.
Assays were initiated by the addition of 150 ,uL ofbacteroid suspension (3-5 mg protein). An aliquot (400 ,uL) of assay mixture was immediately withdrawn and mixed with 40 uL of 55% TCA to terminate the reaction. The remainder of each sample was incubated on a shaker (25°C, 160 cycles/min), and additional aliquots were withdrawn and mixed with TCA at 10-min intervals. The TCA-precipitated samples were centrifuged, and the pH of 155 to 160 ,uL of supernatant was raised to at least pH 4.0 with 40 to 45 IL of 1 N NaOH. Ammonium concentrations in the solutions were determined by a modification of the phenol-hypochlorite assay (28) . Phenol reagent A (400 ,uL of 1% phenol, 0.005% sodium nitroprusside) and reagent B (400 ,uL of 0.5% NaOH, 0.042% sodium hypochlorite) were added to the pH-adjusted sample. Absorbance at 625 nm was determined after a 60-min incubation at 30°C. Ammonium standards were made by adding known amounts of NH4Cl to 3 mL leghemoglobin assay buffer containing 150 ,uL of bacteroid suspension and processing 400-,uL aliquots as described above.
Some bacteroid preparations gave a significant rate of ammonia production even in the absence of added N2. To distinguish between nitrogenase-independent ammonia exudation and ammonia exudation due to reaction of nitrogenase with residual levels of N2, 0.10 atm of acetylene was added to one vial which contained no added N2. Because acetylene would be expected to inhibit any N2 reduction by nitrogenase, any further rate of ammonia exudation was considered to be nitrogenase-independent. Such a background rate of ammonia exudation was observed in some experiments and was subtracted from the rates measured under N2-fixing conditions.
Measurement of Acetylene Reduction and H2 Evolution by Bacteroids
Acetylene reduction by bacteroids was measured in the presence of 0.1 atm acetylene and 0.02 atm O2, with Ar as the diluent gas. Ethylene production was measured using a Shimadzu gas chromatograph fitted with a Poropak N column (Waters Assoc., Inc., Framingham, MA) and a flame-ionization detector. H2 evolution by HUP-bacteroids under 0.8 atm N2, 0.2 atm Ar, and 0.02 atm 02 was monitored by gas chromatography with a thermal conductivity detector and Ar as the carrier gas. 
RESULTS
The rates of N2 reduction by nitrogenase were determined in isolated Bradyrhizobium japonicum bacteroids by measuring ammonia exudation into the surrounding medium. Figure 1 illustrates a typical time course of ammonia production by bacteroids, with values adjusted for ammonia present at time zero. Typically, ammonia production rates obtained from replicate samples fell within 5% of the mean value. N2 reduction rates were calculated after subtracting a background rate of ammonia production ( Fig. 1) which occurred for some bacteroid preparations under conditions which should completely inhibit N2 fixation (0% added N2, 10% acetylene). The level of this nitrogenase-independent ammonia production accounted for up to 30% of the ammonia exudation rate under conditions of maximal N2 fixation for different bacteroid preparations. Removal of 02 or treatment with 10 mm NaN3 reduced the rate of background ammonia production by approximately 85%, suggesting a respiration-dependent process (data not shown). In addition, the background ammonia production required both active bacteroids and leghemoglobin assay buffer. No background exudation was observed when bacteroids were incubated with succinate alone, in the absence of partially purified leghemoglobin (data not shown). Ammonia production under non-N2-fixing conditions has been observed in other laboratories (5; D. Emerich, personal communication) and may result from uptake and deamination of amino acids provided to bacteroids by hydrolysis of proteins in the partially purified leghemoglobin preparations.
Rates of ammonia production were similar whether bacter- through nitrogenase as determined by the sum ofthe electrons allocated to ammonia production and H2 evolution (10.3 and 4.2 nmol electron pairs/minmmg protein, respectively) was similar to the total electron flux measured by the acetylene reduction assay (13.4 nmol electron pairs/minmmg protein). This demonstrates that the ammonia production assay used in these experiments provides a reasonable measure of N2 reduction activity by isolated bacteroids. The electron allocation coefficient (EAC) for nitrogen reduction, defined as (electrons to N2/electrons to N2 and H+) (8) , was between 0.6 and 0.7 for isolated bacteroids under 0.02 atm O2. This is consistent with the EAC (0.65) obtained for isolated Rhizobium leguminosarum bacteroids assayed under optimal 02 concentrations in a similar system containing succinate and myoglobin (16) . Figure 2 illustrates the double reciprocal plot for one experiment measuring N2 reduction by nitrogenase under various H2 concentrations. Data for each inhibitor concentration were computer fit to the equation for a hyperbola, and the lines in Figure 2 were drawn using the computer-generated values for Km(N2) and Vmax for nitrogen reduction. These data confirm the competitive nature of H2 inhibition of N2 reduction (15) .
The apparent Km(N2) and Ki(H2) were estimated by a leastsquares iterative, computer fit of the data to the model for competitive inhibition as described by Segel (24) . The values determined for the apparent Km(N2) and Ki(H2) for N2 reduction in HUP-and HUP+ bacteroids are listed in Table II Table I ). The average Ki(H2) for N2 reduction was 0.032 atm for HUPbacteroids and 0.022 atm for HUP+ bacteroids. The Ki(H2) determined for isolated bacteroids was lower than values reported for enzyme purified from free-living bacteria and for nitrogenase in red clover plants (see Table I ). This variation may reflect differences in the experimental system used (purified enzyme or intact plants versus isolated bacteroids), the N2-fixing microorganism studied, or the structure of the different legume nodules. The difference between the K1(H2) values for nitrogenase in HUP-and HUP+ bacteroids does not appear to be significant given the sample size and variability. It would be expected that HUP+ bacteroids would have a higher apparent K1(H2) if the hydrogenase were able to effectively lower the H2 concentration encountered by nitrogenase within the bacteroid. However, if the supply of H2 is much greater than the ability of hydrogenase to consume H2, then the hydrogenase will not be able to significantly lower the in situ H2 concentration. The latter situation exists in our in vitro system because of the fast rate of equilibration between H2 in the gas and liquid phases and the essentially unlimited supply of H2 provided in our assay system. As a result, the inhibition constants we observed for both HUP+ and HUP-bacteroids were similar. However, the situation is much different in some HUP+ nodules, where the hydrogenase activity is sufficient to utilize most or all ofthe H2 produced by nitrogenase. Consequently, the H2 concentration within HUP+ nodules is expected to be lower than in HUP-nodules.
Because the concentration ofN2 within a nodule is expected to be closer to that of equilibrium with the atmosphere than to the Km(N2) for nitrogenase, it was of interest to determine the degree of H2 inhibition of N2 reduction that occurs at atmospheric levels of N2. Table III lists (11, 18) . In the range of H2 concentrations predicted in nodules by these models, 36% inhibition of N2 reduction was observed in isolated bacteroids.
We estimated the H2 concentration in fresh soybean nodules by placing sliced nodules directly onto a hydrogen electrode or by measuring the amount ofH2 released from crushed Table Ill Table I ). (Table IV) . In isolated bacteroids exposed to this level of H2, N2 reduction by nitrogenase was inhibited by about 4% (Table III) . No H2 was detected in HUP+ nodules. The techniques used here provide an estimate of the H2 content averaged over the entire nodule and, therefore, represent a minimum H2 concentration experienced by the bacteroids. A diffusion barrier in the nodule cortex may allow H2 to accumulate to even higher levels in the center of the nodule, where N2 fixation occurs in infected cells.
DISCUSSION
To monitor the changes in N2 reduction rates of bacteroids as a function of H2 and N2 concentrations, we chose to measure the increase in free ammonia concentrations. This method measured the ammonia which was released from the bacteroids into the medium as well as any free ammonia which remained in the bacteroids. However, it did not detect any fixed nitrogen which was assimilated in the bacteroids. This was not considered a problem for two reasons. First, studies by Bergersen and Turner (4) using isolated Bradyrhizobium japonicum bacteroids have shown that only 5 to 6% of the fixed N remains in the bacteroids; the majority is exported into the surrounding medium. This was confirmed in our experiments by the similarity of the total electron flux through ntirogenase as measured by the acetylene reduction technique and the sum of H2 evolution and ammonia production. This result indicated that a substantial percentage of the total N fixed was not being assimilated; rather, the bulk, if not all, of the fixed N was released as ammonia. Second, in determining the inhibition constant, it was not necessary to measure the total N fixed so long as a constant proportion was measured. If the ratio of free ammonia to assimilated N was not constant, then this would have appeared as a deviation from the kinetics predicted by the competitive inhibition model, and we observed no significant deviation. Therefore, we consider the measurement of free ammonia a valid indicator of the effects of H2 on N2 reduction. Indeed, this would seem an appropriate method to measure relative changes in N2 reduction rates by bacteroids in other investigations as well, especially where the '5N method is impractical.
In the current study, the apparent Ki(H2) for nitrogenase in intact isolated B. japonicum bacteroids was determined to be 0.03 atm (Table II) . This relatively low value supports the proposal that in HUP-soybean nodules, H2 may accumulate to levels which inhibit N2 fixation. Predictive models estimate that the H2 concentration in the cortex of legume nodules may reach up to 0.2 to 0.3 atm (1 1, 18 ). At this concentration of H2, N2 reduction by isolated bacteroids under atmospheric levels of N2 was inhibited by 36% (Table III) . Therefore, if N2 reduction by bacteroids in intact nodules is inhibited to the same degree as in isolated bacteroids, even low levels of H2 would be sufficient to significantly inhibit N2 fixation efficiency in soybean nodules. Our measurements of the nodule H2 content averaged over the entire nodule ranged from 0.02 to 0.03 atm H2 (Table IV) . At this level of H2, N2 reduction by nitrogenase in isolated bacteroids was inhibited by about 4% (Table III) . Thus, these results indicate that bacteroids in HUP-nodules may encounter H2 levels of sufficient magnitude to significantly inhibit N2 reduction. We emphasize that we have obtained only preliminary estimates of the H2 concentration in intact nodules. The levels of H2 reported here should be viewed as a lower limit of the H2 concentrations encountered by bacteroids. The presence ofa diffusion barrier in the nodule cortex suggests that a gradient of H2 concentrations may exist across the nodule and that the level of H2 in the center of soybean nodules may be higher than in uninfected cells. Further studies using a hydrogen microelectrode inserted progressively into intact nodules would provide a more useful indication of the physiological significance of H2 inhibition of N2 fixation.
It is important to consider how useful the inhibition constant determined with isolated bacteroids is for discussions of the intact nodule. The inhibition constant may well change with changes in 02 and photosynthate supply, factors controlled by the plant and difficult to duplicate in vitro. On the other hand, other factors which will influence the inhibition constant for purified nitrogenase, e.g. component ratio and pH, are expected to be the same for isolated bacteroids and for bacteroids within the nodule. Thus, the inhibition constants measured here provide a useful starting point for discussion of the potential for H2 inhibition of N2 reduction in intact nodules.
In summary, the Ki(H2) for N2 reduction was determined for rhizobial nitrogenase in isolated soybean nodule bacteroids. In combination with predicted levels of H2 in legume nodules, the inhibition constant reported here supports the proposal that H2 may accumulate to inhibitory levels in soybean nodules. H2 concentrations as low as 0.02 atm inhibited N2 reduction in isolated bacteroids, and estimates of H2 concentration averaged over the whole nodule suggested that bacteroids in HUP-nodules may encounter this level of H2. Release of H2 inhibition of N2 reduction therefore seems to be a reasonable mechanism by which hydrogenase can in-
